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ABSTRACT 


Exposure  reduction  factors  vers  measured,  inside  six  compartmented 
steel  structures  having  different  wall  thicknesses  ranging  from  l/k  to 
1-1/2  in.  These  were  exposed  to  radiation  from  fallout  of  varying  age 
from  three  to  nine  days.  Calculations  based  upon  the  Reims -Cooper 
gauma-ray  spectrum  at  H  t  1.12  hours  were  made  for  selected  compartments 
in  each  of  the  structures  following  procedures  given  in  the  Office  of 
Civil  Defense  Professional  Manual,  PM-100-1.  Comparison  of  experiment 
and  calculation  reveals  a  sensitivity  to  spectral  changes  and  shows  that 
protection  is  greater  during  the  periods  D  +  3  to  D  +  9  days  than  at 
H  +  1.12  hours.  Overall  agreement  is  generally  satisfactory.  The 
calculatlonal  methods  for  radiation  through  floors,  however,  appear  to 
be  Inadequate. 

Spectra  measured  on  site  at  D  +  3  and.  D  +  9  days  are  given. 
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Six  cube-shaped  steel  structures  of  different  v&ll  thicknesses 
vere  exposed  to  fallout  radiation  at  the  Hevada  Test  Site  at  various 
times  from  D  +  3  to  D  +  9  days*  Bach  structure  contained  27  compart¬ 
ments  in  vhich  ionization  chambers  vere  pieced,  "he  exterior  and 
interior  vails  of  each  structure  vere  of  the  same  thickness.  3fae  free- 
fleld  exposure  rate  at  3“*t  height  was  measured  continuously  so  that 
protection  provided  by  the  structures  could  be  estimated  generally 
within  an  accuracy  of  5  percent.  Corrections  for  ground  roughness  vere 
made. 


Experimentally  determined*  time-integrated  reduction  factors  vere 
compared  with  calculated  values  using  the  OCD  Professional  Manual* 

PM- 100-1 .  The  calculated  reduction  factors  vere  always  smaller  by 
amounts  ranging  from  lh  to  IOC  percent*  a  not  surprising  result  since 
the  calcul&tional  methods  vere  based  upon  the  more  energetic  gamut  rays 
emitted  by  1.12-hour  fission  products.  The  thicker-vailed  structures 
shoved  greater  differences  between  calculated  and  experimental  reduction 
factors.  Most*  but  probably  not  all*  of  the  differences  may  be  ascribed 
to  changes  in  the  gamma-ray  spectrum.  Spectra  vere  measured  on  site  at 
D  +  3  and  D  +  9  days .  These  vhea  compared  with  the  H  +  1.12  hour  spectrum 
could  be  correlated  with  the  experimental  reduction  factors  but  not 
conclusively. 

Contributions  through  various  vails  are  shown  graphically  and 
indicate  that  most  of  the  refinements  of  the  OCD  PM-100-1  methods  were 
not  tested  sensitively.  Because  of  the  exponential  character  of 
attenuation*  radiation  through  the  thinner  pathways  of  the  structures 
tended  to  mask  other  shielding  effects.  Since  the  bottom  surfaces  of 
the  structures*  which  vere  placed  4  ft  above  the  ground*  were  shielded 
with  2  in.  of  lead*  differences  were  detected  between  exposures  on  the 
bottom  story  and  the  middle  story.  These  differences  when  compared 
with  calculations  suggest  that  the  present  method  for  treating  radiation 
through  floors  underestimates  the  radiation  that  reaches  a  detector 
after  passing  through  the  walls  of  the  story  belov. 
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SUMMARY  OF  REPORT 


EXPERIMENTAL  AND  CALCULATED  ESTIMATES  OF  THE  SHIELDING 
EFFECTIVENESS  OF  COMPARTMENTED  STRUCTURES  EXPOSED  TO  FALLOUT 


USNRDL-TR-loA,  dated  19  July  1966 
by  B.  W.  Shunway 


Time- Integrated  exposures  were  measured  within  compartmented 
structures  in  a  fallout  field  st  the  f?evada  Test  Site  at  various  times 
from  Df3  to  D+9  days*  The  measurements  provide  experimental  reduction 
factors  which  can  be  compared  with  shielding  calculations. 

In  order  to  insure  the  usefulness  of  the  measurements  the  external 
radiation  field  was  studied  in  detail.  ’The  free- field  exposure  rate 
3  ft  above  the  earth’s  surface  was  measured  continuously.  The  gararaa- 
ray  spectrum  was  measured  both  aaimuthally  and  at  various  angles  of 
elevation  through  l80  degrees.  The  effective  roughness  of  the  surface 
in  attenuating  radiation  was  evaluated  by  two  methods,  and  the  con¬ 
tamination  density  of  a  square  area  600  ft  on  a  side  was  sampled  both 
as  photon  irradiation  and  4 r  exposure  rate  at  3  ft. 

In  all,  six  cubic  steel  structures  30  in-  on  a  side  were  used. 

Each  contained  27  compartments  instrumented  with  ionization  chambers. 
The  walls  both  internal  and  exterior  were  of  uniform  thickness  for  a 
given  structure.  Wall  thicknesses  of  the  six  structures  were  l/U", 

3/8",  1/2",  3A",  1”,  and  1  1/2". 

Calculations  of  reduction  factors  were  made  for  selected  com¬ 
partments  within  each  structure  using  the  methods  and  graphs  given  in 
HI- 100-1.  A  ground- roughness  correction  with  r  =  2k  ft  of  air  was 
applied.  The  calculated  reduction  factors  were  then  compared  with 
those  obtained  experimentally  and  were  found  to  be  always  smaller  by 
amounts  ranging  from  l4  to  100  percent,  a  not  surprising  result  since 
the  calculations!  methods  were  based  upon  the  more  energetic  gamma  rays 
emitted  by  1.12-hour  fission  products.  The  thicker-walled  structures 
showed  greater  differences  between  calculated  and  experimental  re¬ 
duction  factors.  Most,  but  probably  not  all,  of  the  differences  may 
be  ascribed  to  changes  in  the  gamraa-ray  spectrum.  Spectra  were 
measured  on  site  at  D+3  and  D+9  days.  These  when  compared  with  the 
H  +  1.12  Four  spectrum  could  be  correlated  with  the  experimental 
reduction  factors  but  not  conclusively. 

Contributions  through  various  walls  are  shown  graphically  and 
indicate  that  most  of  the  refinements  of  the  OCD  FM-100-1  methods  were 
not  tested  sensitively.  Because  of  the  exponential  character  of 
attenuation,  radiation  through  the  thinner  pathways  of  the  structures 


A 


tended  to  mask  other  shielding  effects.  Since  the  bottom  surfaces  of 
the  structures,  which  were  placed  4  ft  above  the  ground,  were  shielded 
with  2  in.  of  lead,  differences  were  detected  between  exposures  on  the 
bottom  story  and  the  middle  story.  These  differences  when  compared 
with  calculations  suggest  that  the  present  method  for  treating  radi¬ 
ation  through  floors  underestimates  the  radiation  that  reaches  8 
detector  after  passing  through  the  walla  of  the  story  below. 


'Pie  accuracy  of  the  experimental  results  is  estimated  to  be  5 
percent,  plough  spectral  differences  preclude  a  satisfactory  test  of 
the  FM-1Q0-.1  methods,  these  data  are  relatively  unique  in  that  the 
fallout  field  was  not  only  real  but  was  also  carefully  documented. 
They  should  prove  useful  for  testing  other  calculations!  methods,  or 
for  testing  FM-100-1  methods  provided  curves  are  generated  which 
represent  the  actual  spectra  encountered  in  the  field. 
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INTRODUCTION 


During  the  summer  of  19^2  a  series  of  compertmented  structures 
vas  exposed  to  fallout  radiation  at  the  Nevada  Ttest  Site.  Exposure 
measurements  were  made  within  the  various  compartments  and  also  at  a 
height  of  3  ft  in  a  free-field  region  near  the  structures.  From  these 
measurements  time -integrated  reduction  factors  were  calculated  as 
indicators  of  the  structures*  shielding  effectiveness.^  Obese  factors 
were  functions  of  the  wall  thickness,  the  position  within  the  structure, 
and  the  exposure  period. 

At  the  same  time  supplementary  information  vas  obtained  regarding 
the  uniformity  of  the  fallout  field,  the  effect  of  ground  roughness 
upon  the  exposure  as  a  function  of  height  above  the  ground,  the  gamma- 
ray  spectra  at  various  angles,  and  the  change  in  exposure  rate  produced 
by  the  radioactive  decay. 

The  present  report  compares  the  experimental  field-test  reduction 
factors  with  those  calculated  by  use  of  procedures  presented  in  the 
Office  of  Civil  Defense  Professional  Manual,  FM-100-1.2 


THE  RADIATION  FIELD 


Shot  Small  Boy  was  the  detonation  of  a  low-yield  device  slightly 
above  the  ground  surface.  Subsequent  to  the  detonation  the  compartments 
were  placed  in  the  fallout  field  98OO  ft  from  Ground  Zero  and  1300  ft 
from  the  most  intense  radioactive  contour  (the  hot  line).  Over  a  square 
area  measuring  6 00  ft  on  a  side  the  radiation  was  sampled  at  7  *  7  * 
stations  spaced  100  ft  apart .  The  structures  were  located  approximately 
at  the  center  of  this  area. 
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Contamination  densities  (as  indicated  by  photon  number  flux, 
photons  e* **'2  *ec-l)  ware  Measured  vita  a  collimated  Bal(Tl)  crystal 
spectrometer.  Along  the  boundary  parallel  to  and  near  the  hot  line  the 
average  contamination  density  was  30  percent  higher  than  the  average 
along  the  opposite  boundary  600  ft  away.  The  average  density  along  the 
array  edge  farthest  from  around  Zero  was  about  5-1/2  percent  higher  than 
along  the  edge  nearer  Ground  Zero.  She  above  measurements  sampled  a 
geometrical  area  of  30  sq  ft,  but  the  effective  area  was  shout  10  sq  ft 
at  each  station  (when  weighted  by  collimator  angular  response).  Measure¬ 
ments  vita  an  uncoil  lasted  detector  would  sraple  much  larger  areas  and 
consequently  might  be  expected  to  show  less  variation.  Similar  measure¬ 
ments  to  those  mentioned  shove  but  vita  a  Victoreen  Model  440  survey 
meter*  indicated  an  average  difference  of  16  percent  In  the  direction 
transverse  to  the  hot  line  and  1  percent  along  the  direction  through 
Ground  Zero.  A  typical  exposure  rate  on  the  sixth  day  after  detonation 
was  80  mR/h r. 

Gamma-ray  energy  and  angular  distributions  (photons  cm”2  MeV”1 
Bteradian-1)  were  measured  at  the  beginning  of  and  near  the  end  of  the 
experiments,  l.e.,  on  the  third  and  ninth  days  after  the  detonation. 

Over  this  period  the  mean  energy  of  the  direct  radiation  as  calculated 
from  the  fission-product  spectrum  vas  expected  to  be  nearly  constant, 

0.49  to  0.52  MsV,  vita  the  value  of  0*52  MeV  occurring  on  the  ninth  day. 3 
The  mean  energy  of  the  D  +  9  days  spectrum  calculated  from  experimental 
data  vas  O.58  MeV.*  Even  though  the  experimental  spectrum  included  sense 
scattered  radiation  generally  having  energies  less  than  0.2  MeV,  the  mean 
energy  vas  yet  significantly  higher  than  that  given  In  reference  3. 

A  comparison  of  the  relative  intensities  of  the  source  radiation  at 
1.12  hours,  3  days,  and  9  days  Is  shown  in  Fig.  1.  The  1,12-hour 
relative  intensities  were  calculated  from  the  Nelms -Cooper  gamma-ray 
spectrum?  thus 


Ijj  »  E  S(E)  AE/e  E  S(E)  AE 


where  8(E)  Is  the  point  isotropic  source  spectrum  in  photons  MeV”1 
sec"1. 


*  Victoreen  Instrument  Co.,  5806  Hough  Ave.,  Cleveland,  Ohio  44103. 

**  E  is  used  in  this  report  in  three  ways .  Here  it  represents  energy. 
Later  it  designates  a  detector  location,  and  finally  in  Appendix  B 
it  represents  the  eccentricity  factor  of  the  FM-100-1  methods. 


2 


Since  the  3-  and  9 -day  measurements  were  made  at  a  height  of  4  ft 
above  an  actual  fallout  field  and  accepted  photons  within  a  range  of 
angles,  the  source  components  as  given  by  the  angular  flux  measurements 
are  not  precisely  equivalent  to  S(E).  The  relative  intensities  are 
given  by 


Ip  *  E  H{4*,E,©)  £E/Z  E  K(4*,E,9)  £E 


where  9  is  measured  from  the  downward  normal  to  the  surface.  Variation 
of  Ir  with  e  will  result  from  selective  filtering  of  the  energy  components 
of  the  spectrum  by  the  atmosphere  and  ground  roughness.  Modification  of 
the  spectrum  at  9  *  0  degrees  (9-day  spectrum)  is  considered  negligible. 
Examination  of  the  same  spectrum  at  JO  degrees  showed  that  definite 
modification  had  taken  place  but  that  it  was  small.  Me  conclude  that  the 
3 -day  spectrum  favors  higher  energy  photons  slightly,  but  nevertheless  is 
a  good  approximation  to  the  source  radiation.  Reference  4  gives  addi¬ 
tional  spectra  at  various  azimuthal  and  elevation  angles. 


iEE  C0MPAR2MHSTED  STRUCTURES 


Six  steel  structures,  each  containing  27  coapartments  in  a  cubic 
3x3x3  arrangement,  were  exposed.  Each  of  the  structures  had  a 


different  wall  thickness.  Par  a  given  structure  both  interior  and 
exterior  walls  had  the  same  nominal  thickness  throughout.  The  six 
thicknesses  were  l/4,  3/8,  l/2,  3/4,  1,  and  1-1/2  in.  The  outside 
measurements  of  the  structures  were  approximately  30  in.  on  each  side. 
Pedestals,  4l  in.  high,  supported  the  compartments .  The  top  of  each 
pedestal  had  a  2  in.  thickness  of  lead  which  served  to  shield  the 
structure  from  radiation  coming  from  directly  below.  By  placing  the 
structures  on  pedestals,  we  reduced  the  effects  of  minor  terrain 
variations  upon  the  angular  distribution  of  the  incident  radiation. 


The  influence  of  surface  roughness  upon  the  radiation  field  was 
evaluated  by  two  methods.  'From  dose -vs . -height  measurements  the 
roughness  was  estimated  to  be  equivalent  to  an  overlayer  of  22  ft  of  air, , 
but  from  angular  spectra  data  it  was  estimated  to  be  equivalent  to  24  ft. 4 
In  the  calculation  of  protection  factors  the  roughness  was  assisted  to  be 
represented  by  24  ft  of  air. 
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Exposure  measurements  were  made  with  Baldwin  -Parmer  Type  BD-11 
ionization  chambers*  placed  at  the  center  of  each  eamp&rtaient .  These 
ha vs  a  sensitivity  of  580  volts  per  roentgen  and  are  normally 

charged  to  300  volts  or  less.  In  order  to  extend  the  range  of  the 
chambers  to  2  R,  we  applied  1135  volts  by  means  of  the  special  charging- 
reading  circuit  shown  in  Tig.  2.  After  the  radiation-induced  change  in 
charge  was  shared  with  a  57  pf  *  capacitor,  the  resulting  voltage  was 
read  with  a  Cary  Model  31  vibrating  reed  electrometer.**  Total  discharge 
of  the  chamber  gave  a  reading  of  26.5  volts.  The  electrometer  contains 
a  shorting  switch  which  when  closed  applies  the  full  charging  voltage  to 
the  ionization  chamber. 

Additional  dosimetry  with  photographic  film  was  executed  by  placing 
film  packages  on  both  surfaces  of  each  wall,  floor,  and  celling.  Wien 
calibrated  with  Co^O  gaaaaa  rays  to  give  equivalent  roentgens,  the  films 
gave  readings  that  were  about  60  percent  of  those  obtained  with 
ionization  chambers.  Wien  later  extensive  calibrations  of  the  film 
package  were  made  we  found  strong  energy  and  angular  dependence  which 
places  doubt  upon  the  film  results.  The  chamber  data  are  considered 
valid  and  have  been  used  for  the  reduction  factors  in  this  report. 

In  order  to  obtain  reduction  factors  as  measures  of  the  shielding 
effectiveness  of  the  structures,  recordings  of  free  field  exposure  rate 
were  made  3  ft  above  the  ground.  The  instrument  used  for  this  purpose 
was  an  Ionization  chamber  with  a  recycling  electronic  circuit  Which 
recorded  a  pulae  for  each  0.243  mR  exposure  increment  along  with  equally 
spaced  timing  pulses.  This  instrument  (OITR)  has  been  used  extensively 
for  nuclear-weapon  tests.  From  the  continuous  recordings.  Integrated 
free  exposure  rates  were  enraged  over  the  appropriate  exposure  times  for 
the  compartoented  structures. 

The  sums,  designated  as  1^,  were  corrected  for  ground  roughness' 
(equivalent  to  24  ft  of  air)  by  using  Tig.  28a  of  XBS  Monograph  42,7 
which  gives  the  ratio  of  exposure  rate  at  various  heights  to  the  exposure 
rate  at  3  ft  above  a  smooth  plane  of  infinite  extent  contaminated  with 
1.12 -hr  fission  products.  Specifically,  the  correction  was 


1(3*  +  24*)  -  0.61. 


*  Baldwin  Xastroaent  Co.,  Ltd.,  Dartford,  Bent,  U.K. 

«*  Applied  Physics  Corp.,  2724  S.  Feck  Rd.,  Monrovia,  Calif*  91016. 
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By  dividing  the  experimental  exposures  by  this  factor,  ve  obtain  the 
exposure  D0  expected  over  a  smooth  plane  with  the  same  contamination 
density  as  was  present  during  the  experiments. 

Though  changes  in  the  gamma-ray  spectrum  with  time  may  modify  the 
value  of  L,  we  assume  here  that  it  remains  constant.  In  reference  7, 

Jigs.  20.2a,  3-11,  and  B-12  give  values  of  L  for  1.12 -hr  fission  products, 
Co®0,  and  Csl37  respectively.  For  a  height  of  27  ft  these  curves  indicate 
that  the  ratio  L  varies  only  shout  2  percent.  If  lower  energies  were 
abundantly  present,  a  greater  variation  in  L  might  be  expected;  but 
nevertheless  should  be  small. 

Table  1  gives  the  time -integrated  free -field  exposures  for  each 
structure.  Both  the  measured  and  roughness -corrected  values  are  given. 


RESULTS 


Values  of  D0  were  divided  into  the  exposures  measured,  within  the 
compartments  to  give  reduction  factors,  i.e., 


-  Dtap,4, t±  -  tf )/  ffe(3S*t  -  tf). 


2 

Here  X  »  effective  mass  thickness,  lb 8 /ft  concrete 
p  *  position  of  detector  within  the  structure 

d  m  effective  height  of  detector  above  contaminated  surface  *  h  +  t 
t  *  time  after  detonation 

Before  discussing  the  compartment  designations  some  thought  should 
be  given  to  R.  One  would  expect  that  for  this  ratio  to  be  valid  the 
detectors  should  be  free  from  energy  dependence,  since  In  general  the 
radiation  inside  the  compartment  will  be  harder  than  In  the  free  field. 
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We  are,  however,  concerned  primarily  with  protecting  people,  consequently 
the  free -field  measurements  should  include  only  the  radiation  cocapononts 
which  are  significantly  hazardous.  If  the  exposure  at  the  center  of  the 
human  body  Is  considered  the  critical  factor,  then  we  should  establish  a 
low-energy  cutoff  for  the  detector  so  that  the  free -fie Id  dose  would 
■become  smaller.  AL; perF  has  suggested  that  for  acute  mortality  photon 
radiation  becomes  less  effective  below  80  keV.  At  30  keV  two  times  mi 
much  exposure  is  required,  and  at  15  keV  about  100  times  as  much,  to 
produce  equal  effect.  Hie  spectra  given  in  reference  4  indicate  that  the 
free -field  exposure  from  radiation  below  100  keV  energy  relative  to  the 
total  exposure  is  small;  consequently  the  low-energy  response  of  the 
free-field  detector  was  not  critical.  The  QITR,  which  was  used  for  our 
measurements,  had  an  abrupt  low-energy  cutoff  just  below  70  keV, 

Compartment  designations  are  illustrated  in  Fig.  3,  and  the  measured 
reduction  factors  for  the  compartments  are  given  in  Table  2.  Since  the 
fallout  field  was  reasonably  uniform,  reduction  factors  for  compartments 
in  symmetrical  positions  were  grouped  and  averaged.  The  data  of  Table  2 
show  that  the  grouping  is  justified  on  the  basis  that  the  ionization 
chamber  measurements  were  remarkably  reproducible,  despite  the  extended 
periods  of  exposure  under  adverse  conditions.  The  errors  shown  are 
standard  deviations  of  individual  measurements  and  include  variation 
resulting  from  nonuniformity  of  the  fallout  field  as  well  as  instrument 
reproducibility.  Since  there  were  four  values  averaged  for  these 
compartments ,  the  standard  errors  of  the  means  will  be  one -half  the 
indicated  errors.  The  standard  deviations  do  not  include  systematic 
errors  such  as  the  effects  of  atmospheric  temperature  and  pressure 
variations  during  the  exposure  periods.  On  the  basis  of  both  calculations 
and  additional  experiments  the  systematic  errors  are  believed  to  be  less 
than  5  percent. ^ 

Those  data  which  do  not  show  error  estimates  represent  single 
readings,  but  their  accuracy  should  be  comparable  to  that  of  the  other 
readings . 


STRUCTURE  ANALYSIS 


Though  various  calculations!  procedures  might  be  used  to  compare 
with  the  experimental  reduction  factors,  two  sorts  of  methods  are  of 
particular  interest,  the  barrier -geometry  factor  methods  (PM-100-1)  of 
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Eisenhauer  and  Spencer,  and  Monte  Carlo  method*.  For  the  first,  the 
source  spectrum  S(E)  photons  MeV”1  cm-2  is  needed.  For  the  second,  the 
energy  and  angular  distribution  of  the  radiation  incident  on  the 
structure  N(E,  Q,r)  photons  MeV^  steradian-1  cm”2  is  of  more  direct 
use,  though  the  source  spectrum  S(E)  could  be  used  as  a  starting  point. 

The  Eisenhauer-Spencer  methods  as  presented  in  references  2,  *?,  and 
9  were  used  for  the  comparisons  in  this  report  because  of  their  vide 
availability  and  acceptance.  They  do  not  readily  permit  use  of  the 
energy  and  angular  distributions  Incident  on  the  structure  but  assume 
a  plane  isotropic  source  of  the  1.12 -hr  fission  products  mentioned 
above.  Extension  of  their  calculations  to  include  3-  and  9 “day  source 
spectra  would  be  possible  but  have  not  been  carried  out. 

Since  the  barrier-geometry  factor  methods  are  given  in  considerable 
detail  in  the  above  references,  particularly  reference  2,  no  detailed 
discussion  a *.11  be  given  here.  Appendix  A  summarizes  the  procedures 
which  are  applicable  to  our  structures,  and  Appendix  B  presents  sample 
calculations  for  a  few  wall  elements . 

The  PM-100-1  methods  treat  barrier  attenuation  separately  from 
geometry  attenuation.  This  treatment  is  refined  by  three  considerations : 

(1)  wall-scattered  radiation  is  separated  from  non-wall-scattered, 

(2)  radiation  reaching  the  detector  from  directions  above  the  horizon  Is 
separated  from  that  from  directions  below,  and  (3)  eccentricity  factors 
are  introduced  to  account  for  effect-  of  structure  shape  upon  the 
probability  that  wall-scattered  radiation  will  reach  the  detector; 

Inside  partitions  are  treated  as  barriers  at  a  height  of  3  ft.  Bo 
geometry  factors  are  used  either  in  terms  of  slant  thickness  or  geometry 
attenuation.  This  assumes  that  the  angular  distribution  of  the  rmllation 
from  the  exterior  barrier  Is  unchanged,  by  the  Inside  partitions.  The 
analysis  used  here  followed  this  procedure.  The  lateral  extent  of 
Inside  partitions  was  acknowledged  by  use  of  azimuthal  sectors  as  given 
In  Chapter  V  of  reference  2,  The  exterior  walls  were  considered  to  be 
at  their  physical  height  plus  24  ft,  the  equivalent  air  layer  repre¬ 
senting  ground  roughness. 

Eccentricity  factors  in  some  cases  are  ambiguous.  Wherever  a 
choice  existed,  we  always  took  the  square  configuration  rather  than  a 
rectangular  one. 

Instead  of  treating  the  structure  as  a  unit  our  calculations  were 
made  for  individual  external  wall  elements  in  order  to  find  which 
portions  of  the  structures  were  more  transparent  to  the  radiation.  The 
wall  elements  were  generally  defined  by  changes  in  the  barrier  thickness. 


1. e.,  added  thickness  introduced  by  floors,  ceilings,  and  partitions . 

Sash  exterior  vail  of  the  story  in  which  the  detector  vas  located  vas 
separated  into  two  cl— ants,  the  portion  shove  the  detector  plane  and 
the  portion  below.  Whenever  several  vail  areas  vers  identical  in  their 
attenuating  properties  (this  infers  that  they  are  aysnetrlcal  portions 
of  the  structure)  they  were  added  azimuthally  and  considered  as  a  single 
type  of  vail  element,  finally  exposure  contributions  through  the  vail 
elements  implicitly  assume  that  all  other  portions  of  the  structure  ere 
totally  opaque.  When  contributions  through  all  vail  elements  are 

s tamed,  ve  obtain  the  reduction  factor  for  one  detector  position. 

Separate  calculations  for  each  vail  element  (see  sample  calculations 
in  Appendix  B)  are  somewhat  repetitious  if  only  an  overall  reduction 
factor  is  desired.  Sms,  in  routine  analysis  of  structures  one  would 
rather  choose  procedures  taken  directly  froa  examples  given  in  reference 

2. 


COMPARISON  0?  HPH3MHTEAL  AKD  CALCULATED  RESULTS 


The  experimental  exposure  reduction  factors  are  ahovn  graphically 
in  fig.  4.  We  see  that  differences  between  the  top  and  middle  stories 
are  small.  On  the  other  band  the  2  in.  of  lead  upon  which  each 
structure  sat  produced  somewhat  greater  reduction  throughout  the  first 
story,  especially  for  the  thinner  walled  structures. 

The  most  interesting  comparisons  of  experimental  and  calculated 
reduction  factors  are  those  representing  extreme  differences.  These 
extremes  consist  of  compartments  designated  as  A  and  I,  l.e.,  the  top 
corner  compartments  and  the  bottom  central-core  compartments  (see  fig.  3 
or  insert  of  fig.  b).  Further  comparisons  are  included  for  compartments 
B,  those  at  the  center  of  each  side  of  the  structure,  and  f,  the 
compartment  at  the  center  of  the  structure.  Calculations  In  each  case 
were  made  for  all  wall  thicknesses  used. 

Calculations  for  compartments  designated  as  B,  C,  D,  0,  and  H  were 
not  made  as  each  differed  only  slightly  from  that  either  on  the  story 
chore  or  the  story  below. 

Table  3  compares  calculated  and  experimental  reduction  factors. 

The  calculated  values  are  always  higher  as  indicated  by  the  ratios  of 
calculated  to  experimental  always  being  greater  than  unity.  These 
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Table  3 


COMPARISON  OP  CALCULATED  AND  EJCP^BEESTAL 
REDUCTION  FACTORS,  D/Dq  AND  D/ff 
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ratio*  are  shown  graphically  in  Fig.  5  along  with  the  ages  of  the 
fission  products  during  the  periods  of  exposure. 

The  differences  between  calculations  and  experiment  would  he 
sons  what  less  if  actual  mass  thicknesses  were  used  Instead  of  effective 
mass  thicknesses.  In  the  calculations  all  steel  thicknesses  were 
c  oarer  tod  to  effective  mass  thicknesses  by  multiplying  by  0.931  to 
adjust  them  to  the  same  electron  density  present  in  concrete,  a 
procedure  given  in  reference  7,  In  practice  it  may  be  preferable  not 
to  use  ibis  correction.^0* ^  For  a  non-central  compartment  of  the 
thlarasst-walXed  structure,  calculations  based  upon  actual  mass  thick¬ 
nesses  would  yield  reduction  factors  shout  3  percent  smaller  (greater 
protection)  than  those  given  in  Tbble  4.  For  the  other  extreme,  the 
centeraost  compartment  of  the  thickest-walled  structure,  the  calculated 
reduction  factor  would  became  shout  20  percent  smaller.  Such  differ¬ 
ences  are  significant  and  indicate  that  a  revised  set  of  corrections 
may  be  needed  for  converting  the  shielding  effectiveness  of  various 
materials  to  that  of  concrete. 

But  the  differences  are  still  unexplained.  For  a  given  detector 
position  the  ratio  of  the  calculated  to  experimental  protection  factors 
should  have  been  unity  for  all  structures  provided  that  the  FM-100-1 
methods  were  accurate,  the  use  of  effective  barrier  thicknesses  were 
valid  and  if  only  the  1.12-hour  fission-product  gamma-ray  spectrum  were 
encountered,  if  the  ratio  varies  systematically  with  wall  thickness, 
one  would  first  suspect  the  PM-100-1  barrier  factors  to  be  incorrect. 

(The  geometrical  conditions  being  fixed  Imposes  a  slower  variation  of 
geometry  factor  than  barrier  factor. )  But  a  different  spectrum  also 
will  produce  a  ratio  that  varies  systematically  with  wall  thickness. 

The  question  of  whether  or  not  the  PM-100-1  methods  are  adequate 
depends  upon  whether  or  not  v*  can  ascribe  the  entire  variation  shown 
in  Fig.  6  to  differences  in  spectrum. 

The  variation  of  protection  factor  In  an  underground  shelter  as  a 
function  of  age  of  the  fission  products  is  shown  in  Fig,  3-3  of 
reference  2.  Similar  curves  are  presented  in  reference  12.  Specifi¬ 
cally  at  E  +  100  hours  and  for  a  "barrier  thickness  of  100  psf 
(equivalent  to  about  2.7  in.  of  steel)  these  curves  indicate  that  the 
ratio  of  the  reduction  factor  at  1.12  hours  to  that  at  100  hours  to  be 
about  1.4.  Experimental  time  integrated  reduction  factors  from  H  + 

74.5  to  1 65.5  hours  for  compartments  I  and  F  having  nominal  (single) 
wall  thickness  of  1-1/2  in.  are  grossly  comparable;  however,  we  find 
about  60  percent  enhancement  of  protection.  This  excess  not  identifi¬ 
able  with  spectral  changes  suggests  that  the  PM-100-1  methods  applied 
to  these  structures  may  underestimate  protection  by  as  much  as  50  percent 
for  total  barrier  thicknesses  up  to  120  psf.  Perhaps  nearly  half  of 
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Table  4 
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0.273 

0.229 
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this  discrepancy  say  result  front  the  use  of  effective  barrier  thicknesses 
as  indicated  above.  But  this  crude  comparison  at  H  +  100  hours  is  for 
greatly  different  sheltering  conditions;  consequently,  ve  can  only 
speculate  that  a  real  discrepancy  exists. 

Too  other  aspects  of  fig.  6  should  be  noted.  If  spectral  effects 
dominate  the  discrepancy  between  calculated  and  experimental  values, 
then  the  discrepancy  becomes  greater  and  greater  for  increasing  wall 
thickness.  The  trend  of  the  curves  bears  this  out.  Bor  wall  thickness 
up  to  3 A  in.  eoBpertsents  A  and  ?,  representing  single  wall  thicknesses 
between  the  detector  and  ■'die  outside,  give  discrepancies  comparable  to 
those  for  compartments  F  and  I  at  h?df  the  wall  thickness  (times  two 
for  equivalent  total  thickness).  For  nominal  wall  thicknesses  of  1  and 
1-1/2  in.  I  and  F  no  longer  show  greater  discrepancies  than  A.  Ibis 
pussling  observation  throws  doubt  upon  any  attempt  to  remove  spectral 
effects  quantitatively  from  the  comparisons  of  calculations  and 
experiment . 

An  important  aspect  of  Big.  5  is  the  trough  occurring  at  1-in. 
wall  thickness.  This  results  from  the  penetrating  ability  and  abundance 
of  1.6  MeV  gamma  rays  from  La1**0  during  this  exposure  period. 

Compare  the  intensity  spectra  shown  in  Fig.  1.  The  1.12 -hour 
spectrum  is  somewhat  harder  than  that  at  9  days;  therefore  it  is  quite 
possible  that  the  trough  of  Big.  3  would  be  deeper  If  the  exposure  had 
been  to  the  1„ 12 -hour  spectrum.  If  correct,  this  argument  would  assign 
most  of  any  discrepancy  to  spectral  differences.  Fbr  the  1-in.  thick¬ 
ness,  perhaps  shout  15  percent  of  the  discrepancy  might  be  assigned  to 
the  use  of  effective  barrier  factors. 

The  foregoing  discussion  is  inconclusive.  Unless  suitable  barrier 
and  geometry  attenuation  curves  are  generated  for  the  spectra  existing 
during  the  exposure  periods  and  additional  calculations  are  made,  ve 
cannot  claim  on  the  basis  of  these  experiments  that  the  PH-100-1  methods 
either  do  or  do  not  predict  protection  factors  accurately  in  a  real 
fallout  field. 

Some  insight  into  the  relative  importance  of  the  various  portions 
of  the  structure  in  providing  shielding  will  be  considered  next, 
starting  with  the  detector  in  coapartment  Type  A.  Figure  6a  gives  the 
exposure  contribution  in  percent  from  radiation  passing  through  each 
group  of  similar  wall  elements,  for  each  wall  thickness.  The  contri¬ 
butions  through  structural  elements  not  labeled  are  assumed  to  be  zero. 
The  contributions  through  elements  designated  h  and  £  are  small  enough 
to  indicate  that  this  assumption  Introduces  no~serioua  error.  The 
percentages  given  represent  the  total  contribution  through  symmetrical 
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If  to  add  contributions  from  elements  c  and  g  (to  give  the  portion 
of  the  room  bounded  by  a  single  outside  vail )  their  total  becomes : 
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It  is  clear  that  most  of  the  refinements  of  the  PM-100-1  methods  for 
treating  floors,  ceilings,  and  Inside  partitions  are  overwhelmed. 

Hence,  even  if  it  were  concluded  that  these  experiments  confirmed  the 
predictions  made  using  PM-100-1,  special  configurations  in  which  the 
radiation  must  arrive  by  circuitous  routes  remain  essentially  untested 
here.  Subsequent  experimentation  that  attempts  to  test  the  PM-100-1 
methods  should  be  designed  carefully  so  that  as  few  factors  as  possible 
are  involved. 

Figure  6b  shows  reduction  factors  as  functions  of  wall  thickness 
for  the  various  wall  elements.  Implicitly  each  curve  assumes  all  other 
elements  are  totally  opaque*  The  sum  of  these  curves  gives  the  solid 
curve  at  the  top.  Die  experimental  results  are  included  as  points. 
Extrapolation  of  the  experimental  and  "structure"  curves  to  0.59  at  zero 
wall  thickness  reflects  the  presence  of  ground  roughness  and  the  height 
of  the  detector. 

Die  calculated  value  of  D/Eu  for  each  wall  element  is  given  In 
Table  4. 

Figures  7a  and  7b,  8a  and  8b,  and  9a  and  9b  show  similar  results  as 
given  above  but  for  detector  positions  S,  F,  and  I  respectively.  Dables 
5,  6,  and  7  give  calculated  values  of  D/D0. 

We  saw  earlier  that  radiation  through  the  thinner  portions  of  the 
structure  largely  dominated  the  reduction  factor  achieved  at  detector 
position  A.  Will  this  also  be  true  for  detector  position  F,  the  center 
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Tfcble  5 

CALCUIA2E0  VALUES  OP  D/D  -  CCC^PAMMENT  E 

o 


Wall 

bcacina].  Wall  ftxlckmss  (in.) 

Slsasent 

iA 

3/4 

1 

1-1/2 

a 

0.0025 

0.0018 

0.0012 

0.0005 

0.0002 

0.0001 

b 

.0014 

.0009 

.0006 

.0003 

.0001 

.0000 

c 

.0014 

.0011 

.0009 

.0005 

.0003 

.0001 

4 

.0091 

.0081 

.0060 

.0034 

.0019 

.0006 

e 

.0052 

.0052 

.0044 

.0031 

.0022 

.0009 

f 

.0097 

.0096 

.0077 

.0059 

.0041 

.0018 

g 

.0255 

.0260 

.0262 

.0250 

.0225 

.0154 

h 

.0185 

.0143 

.0090 

.0043 

.0021 

.000 6 

1 

.0326 

.0282 

.0198 

.0125 

.007 6 

.0030 

J 

.0344 

.0294 

.0208 

.0128 

.0078 

.0030 

k 

.0882 

.0773 

.0649 

.0526 

.o4o8 

.0240 

1 

.0075 

.0048 

.0028 

.0013 

.0005 

.0001 

a 

.oo4o 

.0025 

.0014 

.0007 

.0003 

.0001 

n 

.0057 

.0038 

.0026 

.ooi4 

.0008 

.0003 

Sun 

0.248 

0.213 

0.168 

0.124 

0.091 

0.050 

1 6 


Sable  6 


CALCULATED  VALUES  OP  D/D  -  COMPARTMENT  F 

o 


Nominal  Wall  Thickness  (in.) 

dement 

1/4 

3/8 

1/2 

3/4 

1 

1-1/2 

a 

0.0057 

o.oo4o 

0.0027 

0.0013 

0.0006 

0.0001 

b 

.0061 

.0037 

.0023 

.0008 

.0003 

.0001 

e 

.0244 

.0226 

.0160 

.0090 

.0051 

.0016 

d 

.0212 

.0210 

.0176 

.0129 

.0090 

.0040 

e 

.0781 

.0596 

.0372 

.0180 

.0087 

.0023 

f 

.0630 

.0585 

.04l4 

.0259 

.0159 

.0062 

g 

.0116 

.0062 

.0036 

.0014 

.0005 

.0001 

b 

.0108 

.0065 

.oo4i 

.0019 

.0009 

.0002 

Sum 

0.219 

0.174 

0.123 

0.0711 

0.0391 

0.0144 
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Sable  7 

CALCULATED  VALUES  07  D/Dq  -  GGHPAK2MEBT  X 


Well 

Seminal  Hell  Xhlcksese  (in.) 

KLenent 

1/4 

3/8 

1/2 

3/4 

1 

1-1/2 

* 

0.0053 

0.0039 

0.0026 

0.0013 

0.0006 

0.0001 

b 

.0056 

.0036 

.0021 

.0008 

.0003 

.0001 

e 

.0244 

.0216 

.0158 

.0090 

.0049 

.0015 

d 

.0212 

.0202 

.0175 

.0129 

.0086 

,oo4o 

• 

.0781 

.0573 

.0368 

.0180 

.0084 

.0022 

t 

.0630 

.0560 

.o4io 

.0259 

.0152 

.0062 

Sue 

0.197 

0.162 

0.116 

0.0679 

0.0377 

0.0141 
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of  the  siddle  story,  where  alternate  pathways  traverse  cocrparable 
thicknesses?  The  percent  exposure  contributions  through  walls  of  the 
second  story  are  given  in  Table  8. 

When  the  walls  are  thin,  radiation  through  walls  of  the  comer 
compartments  contribute  nearly  half  the  total  exposure  even  though  it 
must  pass  through  two  interior  vails.  When  the  walls  have  a  thickness 
of  20  psf  (l/2  in.  of  steel)  or  store,  radiation  through  the  si&e- 
conpartnent  walls  contribute  more  than  half  the  total  exposure. 

Radiation  through  the  second-story  walls  but  from  below  the  detector 
plane  produced  about  60  percent  of  the  total  exposure  for  all  wall 
thicknesses  used.  These  calculations  suggest  that  rule-cf -thumb 
procedures  might  be  developed  which  could  predict  reduction  factors  for 
staple  structures  fairly  well.  The  presence  of  windows  might  even 
simplify  the  procedure  in  some  cases. 

The  fifth  column  of  Table  8  shows  that  no  other  stories  contribute 
materially  to  the  total  exposure.  Multiplying  the  results  for  the 
second  story  by  1.1  would  give  a  good  prediction  for  the  structure  over 
the  range  of  wall  thicknesses  used. 

The  above  discussion  Is  based  upon  the  validity  of  FM-100-1 
calculations,  but  the  general  conclusions  may  be  correct  even  if 
deficiencies  do  show  up  in  the  calculations.  The  comparison  of  calcu¬ 
lated  and  experimental  results  further  suggest  a  deficiency  which  will 
be  discussed  next. 

The  calculations  for  compartments  F  and  I  were  identical  except 
that  in  the  case  of  I  we  assumed  that  the  lead  shields  upon  which  the 
structures  sat  prevented  any  radiation  from  reaching  the  detector  after 
passing  through  the  floor  of  the  first  story.*  If  we  compare  the  ratios 
of  calculated  to  experimental  reduction  factors  as  given  in  Table  3  we 
find  the  ratios  for  compartment  I  to  be  consistently  greater  than  for  F. 
The  differences  in  ratios  are  even  greater  than  shown  since  those  for  I 
will  tend  to  be  low  at  greater  wall  thicknesses  where  2  in.  of  lead 
□0  longer  is  thick  relative  to  2  or  3  in.  of  steel. 


*Strictly  speaking,  the  calculations  are  not  Identical  since  there  is  a 
height  difference.  This  difference  was  10  in.  at  an  effective  height 
of  28  ft  and  can  be  read  into  the  FM-100-1  charts  only  if  much  care  is 
taken.  That  this  height  difference  can  be  neglected  is  borne  out  by 
the  small  differences  observed  between  the  second  and  third  stories  of 
Jig.  5,  part  of  which  is  attributable  to  skyahlne  radiation. 
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Table  8 


XXPOSDRS  COJPKIBUTrOHS  TO  mOSCTOR  POSITION  7  THROUGH 

SECOND  STORY  WALLS 
(PH-lOO-1  Calculations) 


Kail 

Thickness 

(in.) 

Radiation 
Through  Side 
Ccatpartaents 
(d  +  t) 

it) 

Radiation 
Through  Corner 
Ccarpartments 
(c  4  e) 

it) 

Radiation  Fran 
Below  Detector 
(«  +  f ) 
it) 

Total  Radiation 
Through  Second 
Story  Kails 
(c  +  d  +  e  +  f ) 

it) 

iA 

38 

k 6 

64 

85 

3/8 

44 

45 

65 

89 

1/2 

4? 

43 

63 

90 

3A 

54 

38 

62 

92 

1 

6l 

34 

60 

94 

1-1/2 

71 

27 

59 

97 
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Since  no  differences  In  the  ratios  should  exist  between  F  and  I  if 
the  calculations!  method  is  satisfactory,  vs  conclude  that  the  PM-10C-1 
method  of  treating  radiation  coming  through  the  walls  and  ceiling  of  the 
story  below  underestimates  the  exposure  considerably.  Floor  barrier 
factors  are  obtained  by  using  the  barrier  factor  curve  for  contaminated 
roofs,  a  scheme  which  makes  a  floor  much  more  efficient  in  attenuating 
radiation  than  a  wall  or  Inside  partition.  The  angular  distribution  of 
radiation  at  the  bottom  surface  of  a  floor  is  different  from  that  for 
interior  walls  in  that  a  greater  portion  of  the  radiation  will  be  at  or 
near  grazing  incidence;  consequently,  the  use  of  a  barrier  factor  curve 
that  gives  greater  attenuation  would  seem  to  be  justified.  Since  experi¬ 
ment  shows  less  attenuation  than  do  the  calculations,  let  us  consider 
the  conditions  which  give  the  least  attenuation  by  the  floor.  "Dais  will 
occur  if  the  floor  thickness  is  added  to  the  exterior  wall  thickness  and 
a  wall  barrier  factor  for  the  combined  thickness  is  obtained  from 
reference  2  (chart  1,  case  2).  Interior  walls  were  treated  as  before. 
'Urns,  the  total  barrier  attenuation  for  a  floor,  an  exterior  and  two 
interior  walls  in  a  structure  at  height  S  would  be 


Bv  (Xe  +  V'  H]  W3‘) 


instead  of 

W)  B0(Xf)  Bv(Xt,3')  8.(1^  3'). 


Wien  the  reduction  factors  for  F  are  calculated  In  this  and 

compared  with  experimental  results,  the  ratios  agree  better  with  those 
obtained  at  detector  position  I.  These  ratios  are  shown  as  F*  at  the 
bottom  of  Table  3 . 

The  above  procedure  is  not  intended  as  a  substitution  for  the 
present  PM-100-1  procedure.  It  rather  indicates  that  a  drastic  modi¬ 
fication  is  needed  if  floor  penetration  Is  to  be  handled  satisfactorily. 


C0SCLUSX0S3  AND  R0CXH<Qa£QATIOKS 


1.  Evidence  is  presented  vhieh  attribute  most  of  the  differences 
between  calculated  and  experimental  reduction  factors  to  differences  in 
the  gamma-ray  spectra.  Other  evidence  suggests  that  the  FM-100-1 
calculation*!  methods  may  be  partly  at  fault. 

2.  Bie  experimental  data  were  generally  accurate  and  provide 
valuable  information  for  testing  calculations.  Conceivably  curves 
could  be  generated  for  the  gaana-ray  spectra  that  were  encountered 
during  the  experiments  and  a  store  valid  test  of  the  PM-100-I  methods 
could  be  made* 

3>  Refinements  of  the  PM-100-1  procedures  are  masked  by  the 
preponderant  amount  of  the  dose  that  results  from  radiation  coming 
through  the  thinnest  paths.  In  the  design  of  further  experiments  much 
care  should  be  taken  to  Isolate  each  factor  to  be  tested.  In  those 
cases  where  this  is  cot  possible  to  do  experimentally,  reliance  should 
be  made  upon  Monte  Carlo  calculations. 

4.  Bie  barrier  factors  used  for  floors  appear  to  give  too  much 
attenuation.  Additional  thought  and  perhaps  experiments  should  be 
given  to  improving  the  treatment  of  floors,  especially  When  they  are 
thin. 
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APPENDIX  A 


PM-100-1  Methods 


We  consider  the  reduction  factor  as  applied  to  the  structures  of 
this  report. 


R  “  Y,  0(X,^H,B)  JJ»(X,F) 

elements 


where  B  is  a  harrier  factor  which  is  read  from  charts  provided  in 
reference  2.  particularly,  it  will  he  Bv(X,B),  ^(Xq),  or  B^Xf )  for  a 
wall,  a  ceiling,  or  a  floor  respectively.  Bae  X*s  represent  effective 
mass  thicknesses  in  concrete  equivalent  Ibs/ft2  and  B  represents  the 
effective  height  of  the  detector  d  +  t,  where  d  la  the  physical  height 
and  x  is  the  air -equivalent  overlayer  thickness  which  corrects  for 
ground  roughness.  Bie  symbol  |  f indicates  multiplication  together  of 
the  appropriate  harrier  factors,  one  for  the  exterior  structure  element 
and  one  for  each  additional  harrier  interposed  between  that  element  and 
the  detector. 

The  factors  Az(0)  G(X,«,B,E)  account  for  geometrical  effects  of  the 
structure  upon  the  probability  that  radiation  will  reach  the  detector. 
Because  of  the  many  shapes  that  structures  may  taka,  this  geometry 
dependence  is  complicated.  B»  FM-100-1  methods  transform  the  structure 
into  an  equivalent  cylinder  appropriate  to  the  structural  slsment  being 
evaluated!  accordingly,  a  cylindrical  coordinate  system  is  used.  She 
factor  As  accounts  for  the  azimuthal  extent  of  the  element,  and  the 
factor  0  accounts  for  its  polar  extent  (by  means  of  the  solid  angle 
parameter  w  which  Is  related  to  the  polar  angle  9  through  the  relation 
w  «  1  -  cose) . 

The  X  dependence  of  G  accounts  for  the  different  angular  distri¬ 
butions  of  the  scattered  and  unscattered  radiation.  Bae  dependence  of 
G  upon  the  eccentricity  factor  E  accounts  for  the  effect  of  structure 
shape,  specifically  the  ratio  of  width  to  length,  upon  the  likelihood 
that  wall-scattered  radiation  will  strike  the  detector. 
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0  dependence  upon  radiation  arriving  at  the  detector  from  above 
the  detector  plane  combines  both  radiation  scattered  from  the  celling 
and  trem  the  ntaoaphere  ( sky-shine )  ,  It  also  includes  a  vail  -sc ottered 
component  which  is  considered  In  all  respec  ts  identical  to  a  veU- 
scattered  ccaponent  arriving  froc  belov  the  detector  plane.  0  dependence 
upon  radiation  ire®  below  the  detector  plane  also  includes  the  unscatter¬ 
ed  radiation  from  tha  fallout  field.  These  various  geometrical  routes 
are  mutually  exclusive  and  consequently  are  additive.  The  wall-scattered 
radiation,  both  from  above  and  below  the  detector  plane,  must  be 
corrected  by  the  eccentricity  factor  E  before  it  can  be  added  to  the 
other  geometry  components. 

Tbe  factor  G  is  applied  only  to  exterior  wall  elements.  The 
assumption  is  that  the  angular  distribution  of  radiation  that  has 
penetrated  the  outside  walls  is  unaltered  by  internal  barriers. 

Interior  walls,  ceilings,  and  floors  merely  define  the  azimuthal  and 
polar  limits  of  the  wall  elements.  The  use  of  Bg  and  b£  instead  of  By 
as  barrier  factors  for  floors  and  ceilings  does  Introduce  geometrical 
effects  into  their  attenuating  efficiency,  but  the  factor  G  remains 
unchanged.  Tbe  barrier  factor  By  for  an  Interior  wall  is  considered  to 
bo  the  same  as  that  of  an  exterior  wall  at  a  height  of  3  ft.  This 
tacitly  assumes  that  the  angular  distribution  of  the  incident  radiation 
upon  one  is  equivalent  in  a  practical  sense  to  that  upon  the  other 
regardless  of  the  orientation  of  the  interior  (vertical)  wall. 
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APPHIDIX  B 


Sample  Calculations 

Three  sample  calculations.  Tables  B-l,  B-2,  and  B-3#  are  for 
greatly  diawiaiiar  vail  elements ,  The  purposes  of  the  calculations  are 
(1)  to  indicate  the  magnitudes  of  the  arguments  and  functions  as  applied 
to  particular  shielding  elements,  and  (2)  to  present  typical  but  specific 
calculations  for  the  structures  ve  used. 

On  each  calculation  sheet  are  plan,  elevation,  and  aide  views  of 
the  structure  which  identify  the  detector  position  and  the  vail  elements 
being  treated.  The  equation  at  the  top  of  each  sheet  includes  only  those 
factors  vhich  enter  into  the  particular  calculation.  For  detailed 
procedures,  the  ncsaenclature,  and  the  charts  of  the  functions  the 
reader  should  use  reference  2. 

In  each  case  the  reduction  factor  is  the  exposure  (relative  to  1^) 
resulting  from  radiation  passing  through  all  structural  elements  vhich 
are  symmetrically  located  vith  respect  to  the  detector.  All  other 
elements  are  considered  totally  opaque.  Calculation  of  the  exposure 
from  radiation  through  all  parts  of  the  structure  is  accomplished  by 
sunning  over  all  structural  elements. 

The  circled  numbers  refer  to  chart  numbers  in  reference  2. 

Table  B«*h  gives  the  effective  barrier  thicknesses  used  for  the 
calculations.  As  mentioned  in  the  text,  these  values  have  been  adjusted 
to  have  the  seme  electron  density  as  concrete  per  lb  -ft"2 ,  References 
10  and  11  suggest  that  for  iron  actual  values  of  mass  thickness  may  give 
better  estimates  of  attenuation  than  these  adjusted  values. 
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Table  B-l 


CALCUIATlOlf  Of  RELAXCVZ  XZP06URX  (  D/Dq  #  AT 

raraCTQR  P06ITI0H  A  f*RCM  RAEIAIK*  THROUGH 
KUSKKRTB  « 

0#(«)  -  **>]  Sv(Xe)  *(e)  +  [<Jd(«,H)^d(w*,B)j 

\(V*>  BV(X*,3*)  ^(X',3') 


i-s*(x. 


HMHM 


DESIGNATOR 

NOMINAL  MALL  THICKNESS  (  tacit} 

CHART 

i 

i 

i 

1 

1 

’4 

S«(Xt) 

© 

0.20 

0.26 

0.34 

0.43 

0.51 

0.61 

AG,  e  s* 

.Aft 

,"7 

•'5$ 

*/f3 

.22¥ 

•X7i 

© 

0  80 

0. 74 

0.66 

0.37 

0.49 

0.39 

Ag«[|-S„] 

•  Vfy 

¥77 

•3tf 

•3Vf 

274 

•m 

liaiajgjyES 

G 

.573 

•  «¥ 

.552 

53f 

.525 

.  5/0 

Bw<x#.aV> 

® 

•¥A 

B 

*31 

g 

B*(x'. ,  3'  ) 

*73 

•  7/ 

.VI 

•it 

1 

BW(X^.  3# ) 

M 

»7f 

.71 

B 

Wf 

B 

B 

t - y- 

|| 

B 

Hi 

B 

B«(X#,  LB^tXc.V}] 

1 - 

•  6 

.3#x 

.  13a 

*/5-p 

•  0  7V 

,035 

,ooti 

A  x  G  B 

0.0172 

•  045  O 

.003* 

.00/4 

.*#873 

>OO0X 

Tabl*  B-2 

cisjcmjaicm  or  heuasvz  spooks  (d/dq)e>-  at 
BET8CW*  FOfiRXG*  1  PROM  RADZASXOV  TBBOOOB 


B,(V»  Bw<^3’)  *„(*,) 


n./w* 


i 

• 

I 

*10€ 


m 


e 

n 

« 

oa(«) 

Gd(w,*) 


imttn 

LIMIT 

owrc* 

UNIT 

V, 

'4 

/ 

'4 

A. 7*. 

o.itf 

0.61 

ow* 

0 

0 

0 


A2-  A^jfZir 

TV  *" 
"  6-/476 


e<5£)  »  M?  0 
As*  •  A  >/t 
As<  *  0.AO 


NOMINAL  WALL  THICKNESS  (Inch) 


OESIQNATON 

chart 

i 

1 

* 

\ 

1 

s«<x«> 

0 

0.20 

0.26 

0.34 

0.43 

0.51 

0.61 

AG*  E  s« 

6,  A  30 

*'$34 

0.0  57 

0.0  US 

0.07 7 

0.  04/ 

»-Sw(X#) 

0 

0.80 

0.74 

0.66 

0.57 

0.49 

0.39 

A««[i-s,] 

0./6A 

O.iit 

o.uy 

6.079 

AGjESw+AG  l*Sf 

B 

O./f* 

Esa 

0. 

O.rty 

6.  nr 

0.>7o 

•W(X«,  at1  > 

® 

0.*1 

O.fO 

A.J3 

KB 

o.n 

•„ix;,  3'  > 

<© 

6.7  Z 

0.61 

6.69 

H9 

o.xS 

*#<X|:,  _  ) 

be 

e.a* 

0.  xi 

0-X/ 

O.iS * 

0>//j 

6.0  67 

*-*»•■■* - *“ 

«„<*«.  at*  >*Bw*B0 

•8 

6>t4, 

6.69i 

0.01*1 

BBS 

60IOx 

o.ooH 

A  j  0  8 

O-0®V* 

0.  ooxS 

0  0016 

6.0007 

6.000) 

0.0001 

«„<*«.  at*  >*Bw*B0 


Table  B-3 

QMUssjaxm  of  seuhvt  exposure  {D/Do)y  c  at 
neBBKWB  posmoff  b  from  radiattcb  through 

e 


W1)  Vxi'3'>  V1!’3’5 


«mncm 

UNIT 

Outer 

UBMT 

; 

/ 

’/» 

0 

0-7» 

/.* 

d.ZTg 

o 

o-oit 

0 

©  HD*  /'V/ 
©  Ao,  •  $.  3.7* 
©  At#*  •  O*®*® 


DCSIONATOH 

MOMINAt  WAUL  TNiCKNCSS  (fndi)  ] 

s 

t 

\ 

* 

r 

1 

»* 

*»<*•> 

© 

0.20 

0.20 

0.54 

0.45 

0.51 

0.01 

AG*  E  s* 

0.017 

O.fOO 

O.tSf 

o./4* 

Otfll 

o. 

l-Sw(Xt) 

® 

0.00 

0. 74 

0.00 

0.57 

0.49 

0.50 

Ao*[i'Sw] 

AOC* 

o.os* 

0.017 

•>000 

o>oxo 

Ae*tSw>Ao  [.-«* 

0 

Ai*i 

Off 

*./?♦ 

EZS 
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0.14*. 

•«(X„  if') 

®" 

6. SO 

c.  it 

0.3fr 

All 

o-to 

) 

<© 

®-7f 

0.11 

0.4* 

o.## 

oir 

•«<xj*  1*  > 

<© 

0 .  7f 

•  If 

0<(t> 

o>*$ 

- 4— 

| 

D 

HRW 

ti*lv 

4*0f4 

jO.0/0 

Ax0  • 
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E&n 

O.Oiff 

nmm 

0.*0if 
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Bible  B-4 

EFFECTIVE  BARRIER  THICKNESSES 


0,1  0.2  0.3  0.3  1  2  3 

E  (M»V) 


Fig.  1  Gamma-ray  relative  intensities  from  fission  products 
at  1.12  hours,  3  days  and  9  days.  3he  horizontal  bars  indicate 
the  width  of  each  energy  interval.  Ihe  vertical  hare  represent 
the  total  intensity  within  the  energy  interval  and  are  at  the 
energies  that  were  assumed  for  the  calculation  of  intensity. 
Values  of  S(E)  for  the  1.12  hour  spectrum  were  taken  from  Table  4 
of  reference  5» 
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Fig.  2  Charging- reusing  circuit  for  ionization  chambers 
This  system  extended  the  exposure  range  of  BD-11 
ionization  chambers  by  a  factor  of  four. 
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Fig.  3  Compartment  designations.  Exploded  view  of  structure 
shows  individual  compartments.  For  each  compartment  the  walls 
that  made  up  the  outside  surface  when  the  structure  was 
asaaaibled  were  twice  as  thick  as  the  inside  walls.  Urns, 
when  assembled  together,  the  total  wall  thicknesses  exterior 
and  interior  were  uniformly  thick. 
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thickness.  Reduction  factors  for  symmetrically  located  cotqpartments  were 
averaged  and  have  been  plotted  with  error  bars  to  show  standard  deviations. 
D  is  the  exposure  rate  within  a  compartment,  D0  is  the  exterior  free  field 
exposure  rate  corrected  for  ground  roughness  equivalent  to  2b  ft  of  SIP  air 
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IMg.  5  Comparisons  of  calculated  and  experimental 
reduction  factors.  The  exposure  period  for  each 
structure  is  shown  directly  above  the  plotted 
points  for  that  structure.  D  is  the  exposure  rate 
within  a  compartment.  D0  is  the  free- field  dose 
rate  at  3  ft  above  a  smooth  plane. 
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Fig.  6b  Calculated,  exposure  contributions  through  veil 
element*  to  detector  position  A.  Letters  for  such  curve 
ere  identified  in  fig.  6a. 
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Tig*  7*  Percent  exposure  contribution  of  symmetrical  vail 
elements  to  detector  position  E.  The  contributions  are 
listed  for  the  six  structures  In  order  of  Increasing  vail 
thickness.  These  were  calculated  using  FM- 100-1  methods. 
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Fig.  7b  Calculated  exposure  contributions  through  wall 
elements  to  detector  position  E.  Letters  for  each  curve  ara 
identified  in  Fig.  6a. 
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rig.  8b  Calculated  eayseur*  contribution*  through  vail 
eleattirts  to  detector  poeiti  on  T.  letter*  for  eaoh  ourro 
are  identified  in  Fig.  6a. 


40 


N»Di.-2»S-« 


SEQUENCE  OF 
WALL  THICKNESS 

V 

V 

V 

V 

V' 

iv2" 


TOP 

STORY 


MIDDLE 

STORY 


BOTTOM 

STORY 


12.3  % 


Fig.  9®  Bar cent  exposure  contribution  of  symmetrical  wall 
elements  to  detector  position  I,  The  contributions  are 
listed  for  the  six  structures  in  order  of  increasing  wall 
thickness.  These  were  calculated  using  FM- 100-1  methods. 
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Fig.  9b  Calculated  exposure  contributions  through  vail 
elements  to  detector  position  I.  Letters  for  eacth  curve 
are  identified  in  Fig.  6a. 
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